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Abstract
The following body of work encompasses the synthesis, upscaling, additive
manufacturing, and characterization of microspheres as functional fillers incorporated into
polymer syntactic foams. Synthesizing microspheres permits control over morphology, dispersion
of particles, and size while the use of direct write manufacturing allowed for the controllability of
filler orientation. Two different syntactic foams were developed from similar methodologies: (1)
a silicone syntactic foam (2) epoxy syntactic foam. The silicone epoxy foam showed an increasing
in damping and elastic modulus. The epoxy syntactic foams showed an enhanced thermal and
electrical properties.
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Chapter 1: Introduction
The following research focuses on the synthesis, upscaling, additive manufacturing, and
characterization of microspheres to be incorporated into polymer syntactic foams. A syntactic
foam is a classification of a composite material with hollow microspheres in a matrix. That matrix
could be a polymer, ceramic, or metal. The focus of this research is on polymer matrixes due to
their low density, high thermal stability, compressibility, and recoverability. Additive
manufacturing allows for the unique opportunity to be able to choose materials, fillers, and
geometry paired with precise manufacturing resulting in complete freedom of design.
Functional fillers can be any material, such as microspheres, that are incorporated into a
matrix to enhance more than one property such as strength and thermal conductivity. The
properties of a filler material are controlled by the amount of the filler, the morphology, the size
of the filler, and the orientation the filler is in. The aim of this work was to produce functional
fillers, in the form of microspheres, to be incorporated in a matrix and successfully manufactured
using direct write technology. Synthesizing microspheres permits control over morphology,
dispersion of particles, and size while the use of direct write manufacturing allowed for the
controllability of filler orientation. This investigation can be broken down into three studies.
First, the optimization of hollow microspheres to enhance the mechanical properties in a
PDMS (silicone) matrix. The dispersion polymerization system was optimized to produce
templated cores within the range of within the range of 5-100 µm. Modification of the hollow
particle’s shell thickness and improved morphology through adjustments to the sol-gel process
was achieved. The core-shell reaction and hollow particle calcination process was upscaled to
accelerate and increase manufacturing.
Second, the characterization of hollow microspheres investigated how synthesis
optimizations affected the properties of the microspheres in a matrix material. Different shell
thicknesses correlated with unique mechanical properties. The recoverability of the microspheres
was analyzed using microscopy.
1

Third, the application of previous work on templated to produce hollow carbon
microspheres. This shows the flexibility and potential of polystyrene cores to produce hollow
microspheres in a wide variety of materials. Hollow carbon microspheres were chemically treated
to graft graphene on the surface that when paired with Direct Write (DW) technology formed a
graphene network throughout the epoxy matrix enhancing both the thermal and electrical
conductivity of the syntactic foam.
This project encompasses a small- scale manufacturing model for functional syntactic
foams, the preliminary work to upscale the system for large- scale production, and the ability to
use the templated core to produce other hollow functional microspheres. In this work, there is an
emphasis on optimization of filler synthesis in order to characterize and control the mechanical,
thermal, and electrical properties of functional syntactic foams.

2

Chapter 2: Synthesis of a Polystyrene Core Template
2.1 Introduction and Background
In the past decade, there has been an increased interest and rapid development of coreshell and particles due to their ability to tailor properties (size, shell thickness, volume fraction,
orientation) based on the application. [1] Hollow particles have a wide variety of applications
across many industries including biomedical, pharmaceutical, energy, electronics, and defense. [2]
Spherical fillers in the micron range are ideal for storage, energy absorption, and electromagnetic
interference (EMI) shielding. [3] Microsphere based drug delivery systems allow for the controlled
release of drugs for the treatment of diseases such as cancer. [4] Due to the energy absorption
capabilities of hollow microspheres, they are added to cosmetics, sunscreen, and paint to enhance
UV shielding. [5] Microspheres have larger storage capacity making them useful inclusions in
solar cells to enhance light scattering and light reflection.[6] When added as a pore former in
structural materials, the microspheres act as dampers. [7] Material selection, particle size, shell
thickness, and interfacial interaction of filler and matrix play a significant role in increasing the
compressibility and recoverability of the foam. Polysiloxane, an elastomeric polymer, was chosen
due to its rubber like behavior at ambient temperatures. This material is also ideal considering the
matrix is PDMS. Polysiloxane was also chosen for its good interfacial compatibility with the
matrix material.[8] Polystyrene was chosen as the templated core because of its versatility and the
wide number of publications and resources to achieve large monodisperse particles. The final
particle size of the hollow polysiloxane is based upon the size of the templated polystyrene core.
The development of a monodisperse templated polystyrene core in the 5-100µm range allows for
the synthesis of monodisperse hollow particles

3

2.1.1 Scope of Project
This project is a continuation of previous work on an ongoing collaborative research project
with Kansas City National Security Campus (KCNSC). The goal was to additively manufacture a
silicone (polydimethylsiloxane) foam filled with synthesized hollow elastomeric (polysiloxane)
microspheres that would increase the foam’s sponge-like properties such as recoverability and
compressibility while maintaining their spherical morphology post mechanical stress. Elastomeric
polymer syntactic foams are rubbery at ambient temperatures making them ideal for structural and
potting materials due to: 1) low coefficient of thermal expansion and dimensional stability 2)
mechanical energy absorption capabilities 3) dielectric properties and 4) compressibility. The
focus of this particular research was to upscale hollow particle production, tune, and characterize
particle properties in order to enhance mechanical and energy absorption capabilities. The
synthesis, manufacturing, and characterization of this silicone foam was developed as an in-house
process to assist in the long-term goal of large-scale production. When implementing an additive
manufacturing process, such as direct write, where a single bead is 200 µm or less pore formers
need to be in the size range of 5-100 µm in order to achieve a good volume fraction ratio to benefit
from mechanical property enhancement due to the inclusion of microspheres.
2.1.2 Polymerization
This project utilizes two different forms of polymerization in order to achieve hollow
polysiloxane microspheres. The polystyrene template core is achieved through a free radical
addition polymerization. The three stages of addition polymerization are initiation, propagation,
and termination. [9,11,13,21]. During the initiation stage, a free radical ⎯atoms with a free
electron in its valence shell ⎯ is added to the mer. The free radical acts as a reactive initiation
molecule opening the double carbon bond into a single carbon bond creating a reactive center for
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the mer as depicted in Figure 2.1. The propagation stage continues as the mer adds on a chain
where each new monomer creates an active site of attachment for the next chain. The polymer
chain continues to grow in this fashion until an unpaired electron meets another unpaired election
neutralizing and terminating the reaction which is known as the termination phase [4,14,22]. A
condensation polymer reaction is employed to produce the polysiloxane shell on the templated
polystyrene shell.

Figure 2.1 Mechanism of radical initiation [13].
A condensation polymer reaction is employed to produce the polysiloxane shell around the
templated polystyrene core. The mechanism of condensation polymerization is a slower method
where monomers react to form dimers first, then trimers, longer oligomers, and eventually long
chain polymers with a by-product of either water or methanol [19] The condensation
polymerization reaction is initiation upon introducing ammonium hydroxide causing the hydrogen
to form a water molecule (H2O) and silanols to condense to linear and cyclic oligomers. The
following reaction occurs: Si-OH + HO-Si ⎯>Si-O-Si + H2O. These oligomers eventually form
crosslinked siloxane bonds (Si-O-Si) into a network layer resulting in a latex on top of a layer of
water. [17,18,19,]
Dispersion polymerization process was chosen as the method to synthesize the polystyrene
template due to its particle size range, uniform particle size, large yield (~1 liter), and simplicity.
5

[9,14,16]. A typical synthesis includes a monomer, solvent, initiator, and stabilizer. The monomer
or mer is the organic precursor to the polymer. In this system, the monomer is polystyrene. The
initiator catalyzes the reaction as seen in Figure 2.1. A stabilizer is added to reduce the particles
from coagulating and the formation of agglomerated cores. This flavor of polymerization can be
broken down into two steps: (1) nucleation (2) growth. Nucleation is heavily dependent on the
solvency of the medium and the initiator. The majority of the reaction is in the growth phase where
the monomers from the surrounding solution are absorbed by the nuclei facilitating the growth of
the cores. [16] This method allowed for the uniform growth of polystyrene cores in the range of
0.5 µm to 8.45 µm.
2.2 Chemical Synthesis
Polystyrene core templates were produced in a size range of 0.5 µm to 8.45 µm. Producing
cores in the required range (5-100µm) with a low coefficient of variation (below 10%) required
the fine tuning of variables affecting polymerization: chemical reagents, temperature, rate kinetics,
and mechanism of particle growth by copolymers.
2.2.1

Experimental Materials
Reagents used for different synthesis trials included: styrene (St, 99% extra pure, ACROS

Organics),

3-(trimethoxysilyl)propyl

methacrylate

(TMSPMA,

98%,

Sigma-Aldrich),

polymethylmethacrylate (PMMA, Mw=15,000, Sigma-Aldrich), divinylbenzene (DVB, Technical
Grade 55%, Sigma-Aldrich), 2-methoxyethanol (MeCell, 99+% extra pure, Acros Organics),
ethanol (EtOH, 200 proof, Pharmco), polyvinylpyrrolidone (PVP, Mw=40,000, Sigma-Aldrich),
hydroxypropyl cellulose (HPC, Mw=100,000 g/mol, Acros Organics), Azobisisobutyronitrile
(AIBN, 12 wt% in acetone, Sigma-Aldrich), and benzoyl peroxide (BPO, EMD Millipore Corp).
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2.2.2 Experimental Set Up
As shown in Figure 2.2 (a) the reactor is attached to condenser, thermocouple, and nitrogen
line and sits within an ethylene glycol bath on top of a hot plate. Microspheres were synthesized
by dispersion polymerization where the medium was a mixture of 250 mL of MeCell and 175 mL
of EtOH) and the stabilizer was 7.5g of HPC. The optimized protocol is the following: First, the
medium is measured out and poured into a 1000-mL five-neck glass round bottom reactor with a
Teflon stirrer set to 480 rpm and nitrogen flowing for 30 minutes to purge the system of oxygen.
The stabilizer is then incrementally added to the reactor while the hot plate is heating up to 75°C.
Once the temperature reaches 75°C, 75ml of styrene and 3g of BPO are added to the reaction vessel
at a rate of 5.2 ml/min using a serological pipette. Following the addition of styrene and BPO, the
solution visibly transitioned from clear to opaque after 20 min shown in Figure 2.2 (b). 1 hour after
the monomer was added DVB is added to the reactor at a feeding rate of 0.003 ml/min over 4 hours
using a syringe pump. The reaction is then carried out for 24 hours and looks a milky white color
shown in Figure 2.2 (b) Polystyrene cores are then washed in ethanol using a centrifuge shown in
Figure 2.2 (c). The pellet after the third wash cycle is collected and dried overnight until the
polymer becomes powder depicted in Figure 2.2 (d).

7
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Figure 2.2 Experimental set up for polystyrene core template
2.2.3 Variables Affecting Polymerization
There are several factors that can affect the polymerization of the polystyrene cores. First, the
initial state of the polymerization such as reagents, reagent concentrations, and reaction
temperature []. Second, the kinetics of polymerization with respect to feeding rate. When adding
the monomer at a rate instead of all at once the nucleation period gets extended, there is a reduction
in potential coalescence reactions, and there is a decrease of nucleation events. [8,25] Third, would
be the mechanism of particle growth as depicted in Figure 2.3. During the propagation stage
particle growth can take 3 paths. The first is all the particles continue to grow at the same rate
resulting in monodisperse particles. The second is secondary nucleation events occur meaning
nucleation occurs outside of the initial nucleation phase resulting in small particles. The last path
is particles coalescence and engulf other particles resulting in large particles. In order to achieve
large, monodisperse particles there needs to be delicate balance of all of these polymerization
variables.
8

Figure 2.3 Experimental set up for polystyrene core template[46]

2.2.4

Factors Contributing to Particle Growth
Particle growth is a direct result of medium solvency, stabilizers that decrease steric

stabilization, and the addition of comonomers. The solubility parameter (𝛿) of styrene is 9.3.
𝛿MeCell is 11.4 meaning styrene is highly soluble within the medium however, this resulted in
large particles within a 5-50 µm range. When only ethanol was used with a 𝛿ethanol of 12.7l
particles within a 0.5-3 µm range were produced. When a 60 vol% MeCell vol 40% EtOH mixture
was used particles in the 5-10 µm range were produced. [15,16,19] Thus, further particle growth
can be achieved by optimizing the vol% ratio of the two solvents. The stabilizer used also affects
growth. A stabilizer is added to reduce particles from coalescence leading to particle
agglomerations. When HPC was used as the stabilizer in the system instead of PVP particles grew.
This is believed to be because HPC assists in the decrease of steric stabilization allowing some
9

coalescence to occur resulting in uniform growth of particles during the propagation phase.
[15,22]The last factor that contributes to particle growth is the inclusion of a comonomer. The
comonomer DVB produced a particle growth of ~3 µm, larger than any other comonomer tried
when added at a decreased continuous rate. DVB is structurally very similar to styrene being
another vinyl polymer. This similarity is theorized to be why it worked well within this system.
DVB is more reactive than styrene meaning that there was a risk the addition of the comonomer
could cause the polystyrene reaction to terminate early. In order to combat this risk, DVB was
added one hour after polymerization when styrene reached~ 5 polymer wt% conversion. [23,26]

2.2.5 Factors Contributing to Monodispersity
The two major factors that contributed to monodispersity were initiator and solvency of
medium.[16] Two identical trials were performed with the only difference was one had 3g of AIBN
and the other had 3g of BPO. Figure 2.4 visually shows the difference in particle uniformity. The
SEM of the particles with AIBN are all different sizes in a range of 2-40 µm. The SEM of the
particles initiated with BPO appear to all be uniform in size ~3.3 µm. The solvency of the medium
also plays a significant role. The less soluble the solvent was in styrene the more uniform the
particle size. [14-15,21-22,24]

Figure 2.4 Initiator Effect on Monodispersity (a)AIBN (b) BPO
10

2.3 Results
2.3.1

Growth of Templated Polystyrene Core
Forty-one polystyrene synthesis trials were attempted with monodisperse particles

produced in the range of 1-8.45 µm. The role of temperature played a major role in particle size as
depicted in Figure 2.5. During trials PS-29-PS-36 the reaction began at 65°C and after 2 hours
(during the propagation period) the temperature was raised to 75°C. The particle diameter
increased 1-2 µm but was still not within the target diameter (5-100 µm). Trial PS- 39 was identical
in reactants and protocol to PS-33 and PS-38 with the only change was the reaction temperature
was at 70°C and raised to 75°C 2 hours after however this seemed to have little to no effect on
particle size. When the reaction temperature was held constant at 75°C during PS-39 the particle
diameter was within the desired range however the coefficient of variation increased by 60%
compared to PS-38.

Figure 2.5 Effect of temperature on particle diameter and coeffiecent of variation
The addition of styrene with a feeding rate increased particle diameter by 1µm as depicted in
Figure 2.6. The 5.2 ml/min rate was found within literature. The next steps in this system would
be to calculate a more optimized monomer feeding rate with respect to the concentration of
reagents and reaction temperature. The effect of comonomer (DVB) added at a controlled feeding
11

rate is what further increased the particle size from 5µm (PS-39) to 8 µm in( PS-40) a 60% increase
in particle diameter.

Figure 2.6 Effect of feeding rate on particle diameter and coeffiecent of variation
This increase is depicted visually in Figure 2.7 when each SEM image is compared to the micron
marker it becomes clear PS-40 diameters are larger than the 5µm marker. The particles were
quantitatively measured using Microtrac MRB’s Bluewave particle size analyzer. The equipment
utilizes a light diffraction methodology that measures particle size distribution by measuring the
angular variation of the light intensity that way scattered.

Figure 2.7 SEM images depicting core formation results
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The results of the particle size analyzer for both particle diameter and coefficient of variation (CV)
are shown in Table 2.2. Coefficient of variation refers to the number of particles that varied with
respect to the average particle size. PS-40’s coefficient of variation increased proportionally with
particle size. This is due to secondary nucleation occurring from the addition of DVB. The
coefficient of variation decreased inversely proportional to particle size during PS-41 with respect
to the slower feeding rate. PS-40 had a feeding rate of 0.004 ml/min where PS-41 had a feeding
rate of 0.003ml/min. The slower feeding rate allowed for particle growth to occur uniformly by
extending the nucleation period, decreasing secondary growth, and limiting coalescence
events.[17,22]
Table 2.2 DVB Trials Particle Size Comparison

13

Chapter 3: Chapter 3: Synthesis and Upscaling of Hollow Polysiloxane Microspheres

3.1 Formation of Polysiloxane Microspheres
The formation of hollow polysiloxane microspheres starts with the templated core as
discussed in the previous chapter. A sol-gel process then allows for the polysiloxane shell (gel) to
form around the polystyrene core (sol). The stabilizer serves not only as an agent to prevent the
agglomeration of particles but also assists in the grafting of the shell by creating a hydrogen bond
between HPC and the hydroxyl group (OH) on the silanol. [17-19] Previous works have utilized
the grafting capability of PVP however, this is the first study to use HPC to assist in the grafting
capabilities of a polysiloxane shell to a polystyrene core. [17,28] Once a core-shell particle is
achieved, the particles are thermally calcinated to achieve a hollow polysiloxane particle. Various
optimizations of the system were performed to improved particle dispersity to later aid in additive
manufacturing and to achieve differences in material properties. There was also a significant
upscaling effort increasing the core-shell reaction from 1g to 20g with little changes in dispersity
or morphology and the calcination yield increasing from 0.001g of hollow polysiloxane to 6g
within one trial. This upscaling effort resulted in the ability to successfully additively manufacture
and characterize the hollow polysiloxane microspheres
3.1.1 Experimental Materials
Reagents used for shell formation: Previously synthesis polystyrene core discussed in
chapter 2, trimethoxymethylsilane (MTMS, Sigma-Aldrich), hydrochloric acid (HCl, Fisher
Scientific), and ammonium hydroxide solution (NH4OH, Sigma-Aldrich).
3.1.2 Core-Shell Particles via. Sol-Gel Methodology

Core- shell formations were achieved using a sol-gel process.[17, 19, 20] First, the
polystyrene cores and MTMS were added to aqueous HCL at a pH of 5 then sonicated for 10
14

minutes. The reaction that took place is known as a hydrolysis reaction. A hydrolysis reaction is
an exothermic reaction were MTMS is split and reacts with the water in the aq. HCL forming a
silanol (Si-OH). It is crucial for the reaction to take place in the presence of sonication, mechanical
vibrations, in order for the particles to be uniformly coated by the silanol. [10,17] Ammonium
hydroxide is then added to the solution to a pH of 9 sonicated for 10 minutes then let sit for 5
hours. This alkaline environment catalyzes a condensation polymerization reaction causing the
silanols to condense into linear and cyclic oligomers eventually crosslinking resulting in a
polysiloxane network. The outcome of these two reactions is a core-shell composite consisting of
a polystyrene core within a polysiloxane shell. Figure 3.1 (b) verifies the presence of both
polystyrene and polysiloxane in the FTIR of core-shell particles with a PS-41 core. The FTIR of
the core-shell particles shows bands characteristic of polystyrene denoted by the dotted green lines
and bands characteristic of polysiloxane and silanols denoted by the dotted orange lines.

Figure 3.1 FTIR of PS-41 (a) PS core particles (b) core-shell particles (c) hollow
polysiloxane particles

15

3.1.3

Ratios to Control Shell Thickness
Shell thickness of the hollow polysiloxane particles can be controlled by varying the

amount of core to MTMS added into the reaction. [17] The original work this process was
published in used a 2:1 ratio meaning 2g core to 1g of shell. [17]According to previous works
using similar methodology the maximum core to shell ration one could achieve without
compromising properties was 1:3 meaning 1g core to 3g shell. [22] Variations in shell thickness
is a key to controllable material properties. [1,4] The following core to shell ratios were
investigated: 2:1, 1:1, 1:2, and 1:3. Figure 3.2 characterizing these ratios with respect to the
thermal degradation of each polymer using Thermal Gravitation Analysis (TGA). The region in
the light purple is the thermal degradation of polystyrene (250-380°C) and the light pink region is
the degradation of polysiloxane around (450-650°C). There is a pattern in the weight loss of the
polystyrene that corresponds with the amount of core to shell in the initial ratio. For example, the
2:1 ratio had a 70% weight loss in the polystyrene region with approximately 30% weight of
polysiloxane remaining. The 1:3 ratio had ~33% loss in the polystyrene region and with 67%
remaining as polysiloxane. This trend continues with the only outlier being the blue line (1:1
upscale) when the reaction was upscaled to 5g core to 5g shell vs. the orange line were the 1:1
ratio was 1g core to 1g shell. The reason the upscaled 1:1 ratio had a larger weight loss in the
polystyrene region is because there is physically more polystyrene present in that reaction.

Figure 3.2 TGA of PS 39 Core Shell Ratios
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3.1.4 Calcination
The term calcination within this research refers to the removal of the core resulting in
hollow polysiloxane particles. Two forms of calcination were investigated to remove the
polystyrene core: thermal calcination and solvent calcination. Thermal calcination involves
heating the particles to a temperature that allows for the polystyrene core to ”burn out” or fully
thermally degrade. A tube furnace and a box furnace were both able to successfully calcinate the
polystyrene core as seen in Figure 3.3 there is no degradation in the polystyrene region indicating
that there is no polystyrene present in the sample that was tested. The FTIR in Figure 3.1 (c) shows
how once the PS-41 core-shell particles are calcinated they no longer contain the bands depicted
in Figure 3.1 (a) confirming all of the polystyrene is fully burnt out. Solvent calcination refers to
the completely dissolving the polystyrene core leaving only the shell. Acetone and DMF were used
to attempt to dissolve the polystyrene core by soaking the core-shell powder in the solvent for a
set period of time. Trials were done with each solvent for different amounts of time: 10 min, 20
min, 1 hour and 2 hours. Trial length did not exceed 2 hours to avoid any degradation of the
polysiloxane shell. Figure 3.3 shows that even 2 hours in acetone only removed about 15% of the
polystyrene present. Thermal calcination was found to be the best core removal method.

Figure 3.3 TGA of PS 38 Core Removal
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3.2 Results
3.2.1 Fine Tuning System
The variables that affect the core-shell reaction system are pH, sonication during
hydrolysis, and amount of aq. HCL content. pH plays a crucial role where even a difference of .5
can negatively impact the system as seen in Figure 3.4. The two reactions are exactly the same
with the only difference being one had a pH of 5.5 (a) and one had a pH of 5. In the presence of
the wrong pH the silanol agglomerated in a large cluster around the particles instead of individually
coating each particle.[] Individually coated particles are necessary in order to successfully print
these microspheres through a nozzle using direct write technology.

Figure 3.4 SEM images showing the effect of pH on shell formation (a) 5.5/9 (b) 5/9
Sonication during the hydrolysis step is equally important to obtain individually coated
microspheres. [10,19] Figure 3.5 shows identical reactions with the only difference being one was
not sonicated during hydrolysis (a) and the other was sonicated (b). It is visually observed that the
trial that was not sonicated the silanol appeared to created chunks with itself not coating any of the
polystyrene cores.

Figure 3.5 SEM images showing the effect of sonication during hydrolysis on shell formation
(a) sonicated (b) not sonicated
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Aq. HCL content wasn’t as crucial in the sense of the particles not coating but it did play a role in
reducing particle agglomeration improving dispersity to increase printability. Particles in the size
range of ~4-5µm (T33 1:3) became more agglomerated when the reaction was done in 20g of aq.
HCL vs. the one done in 15g HCL shown in Table 3.3 and depicted in Figure 3.6. Particles with a
diameter of 8 µm (T41 1:3) showed a decrease in particle agglomeration when the water content
was increased to 20g. The most critical components tuned during this investigation was pH and
sonication. Adjusting water content to particle size increases the surface area of the reaction
allowing the particles to be individually coated with the silanols. There would need to be more
experiments done to optimize what amount of aq. HCL would be needed depending on the size of
the core diameter.

Table 3.2 Aqueous HCL Content Effect on Agglomerations

Figure 3.6 SEM images showing the effect of aq. HCL content on agglomerations
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3.2.2 Shell Thickness
Shell thickness is of great importance when designing a system with hollow microspheres.
The goal of this project was to include elastomeric microspheres that would enhance the matrix’s
compressibility and recoverability without compromising the particle morphology. As discussed
in the previous section, different ratios were selected to be studied. The 2:1 ratio was used in the
original literature that was referenced, however upon analyzing SEM images the particles with that
ratio appeared agglomerated.[17] The necessity of individually coated microspheres for 3D
printing eliminated the ratio from being further optimized. The focus of optimization was on 1:1,
1:2, and 1:3 ratios across a range of core diameters. Three core diameters were chosen for their
size (within the ideal range) and can be seen in Table 3.2. The logic behind choosing these 3 cores
was to see how the same ratio on a different particle size affects shell thickness. The particle size
analyzer was attempted to be used to calculate shell thickness by taking the measurement of the
core-shell particle size and subtract the core particle size leaving just shell thickness however, the
particles were too agglomerated to get accurate measurements. [17,20] Shell thickness was
calculated taking multiple shell measurements of broken shells using an SEM. While this is a rough
estimate, it is hard to say for a fact this is the shell thickness due to several factors. The first being
the idea that one particle is representative of a whole reaction batch. In order to get more accurate
measurements 3-5 samples from the same batch would need to be examined, due to lack of time,
only one particle per batch was examined. The second limiting factor is that the particle shell was
broken. This shell could be broken due to uneven particle coating meaning the measurement is not
comparable or representative to a fully coated individual microsphere. A TEM or a SEM-FIB
should be used in future studies order to get a more accurate measurement of shell thickness of a
larger number of particles and fully coated spherical particles.
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Table 3.2 Particle Size Analyzer Core Results

The relative shell thickness of the particles followed the trend of shell thickness increased with
particle size shown in Figure 3.7. Even the particles only ~.5 µm different in size showed a
different in shell thickness despite having similar core diameters. There are two outliers in the data:
1. The~ 5 µm particles had a thinner shell with the 1:3 ratio than the 1:2 ratio 2. The shell thickness
of the 8 µm particle with the 1:1 ratio is thicker than the 1:3 ratio.

A.

B.

C.

Figure 3.7 Shell Thickness (nm) (a) 1:1 (b)1:2 (c) 1:3
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Both of these outliers can be explained by insufficient measuring system or unequal coating of the
core. This can be visualized in Figure 3.8 comparing SEM images of the 8 µm particle with the
1:1 and 1:3 ratio. Figure 3.8 (a) is the 1:1 ratio and there are many broken shells in the image as
opposed to only 2 in (b). The appearance of the broken shells in the 1:1 ratio is believed to be due
to uneven coating of the particle meaning the areas that did cover the particle were a lot thicker
than particles that had a more even coating. In order to better assist particle coating other forms of
stronger mechanical vibrations should be tested.

Figure 3.8 SEM images of uneven shell coating (a) 1:1 (b) 1:3
3.2.3 Upscaling Reaction
When our collaborators at KCNSC asked for the second phase of the project to focus on
upscaling the entire synthesis was examined to see what components could be upscaled to improve
efficiency. The two areas that were identified to be advantageous to upscale were the core-shell
reaction and calcination. The core-shell reaction was only being done with 1g of core and 1g of
shell. Reactions of this amount are not ideal to produce fillers to be used in 3D printed structures
with high filler loading. The reaction was increased from 1g to 5g to 10g to 20g with the intention
of upscaling the reaction without sacrificing particle morphology or dispersity. The quantities used
in this reaction are shown on Table 3.3 The incremental upscaling is meant to identify any
problems and make adjustment to further upscale with the goal of a 1000g reaction.
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Table 3.3 Upscaling Core-Shell Reagents

The morphology of the particles was examined by SEM both after the core shelling and
calcination. The upscaled reactions showed particles with similar morphologies as depicted in
Figure 3.8 indicating a successful upscaling. The particles in (b) and (c) appear to be less
agglomerated than the ones pictured in (a). The increase in particle dispersion is regarded to the
following adjustments made to the core shell protocol: assure pH is exactly 5 during hydrolysis
and sonicated for 10 minutes after the solution set to a pH 9. The next step for future upscaling
would be to continue with 30g core to 60g shell.

Figure 3.8. SEM images of upscaling the reaction (a) 1g (b)5g (c) 20g (d) 1g calcinated (e) 5g
calcinated (f) 20g calcinated
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During the first phase of the project, thermal calcination was performed in a tube furnace using
an optimized thermal profile shown in Figure 3.10 (a). The particles maintained their spherical
morphology Figure 3.11 (a) while TGA and FTIR verified the complete degradation of the
polystyrene core. The problem with using the tube furnace was it is small and from the 0.3g of
powder that could be processed the yield was ~0.0035g of hollow polysiloxane. To put that into
perspective, ~4g of hollow polysiloxane powder is needed for 1 small printed part. The
calcination yield was upscaled by performing the heat treatment in a box furnace instead of a
tube furnace allowing for larger crucibles where 3-4 could be used at a time.

Figure 3.10 Thermal calcination profile (a) tube furnace (b) box furnace

The protocol for the tube furnace Figure 3.10 (a) was used for the box furnace and resulted in the
particle morphology seen in Figure 3.11 (b). The particles in this SEM look shriveled and busted
due to a fast-heating rate, long dwell, and less controlled heating environment. The optimized
calcination protocol in the box furnace is shown in Figure 3.10 (b).
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Figure 3.11 SEM images of thermal calcination (a) tube furnace (b) box furnace (c) box furnace
with optimized thermal profile

A slower heating rate and short dwell time were the key to getting optimal particle
morphology while increasing the hollow particle yield from 0.0035g to 6g per trial. The SEM
image of the particles calcinated using the optimized box furnace protocol in Figure 3.11 (c) are
comparable to the particle morphology of those produced from the optimized tube furnace
protocol Figure 3.11 (a).
3.3 Conclusion
The upscaling of the hollow polysiloxane synthesis focused on increasing the overall yield
and reducing the agglomerations throughout the system to increase printability. The reaction yield
was increased in both in the core-shell reaction from 1g to 20g and calcination yield from 0.0035g
to 6g. This small-scale system allows for enough particles to be produced in 2 days for 3D printing.
The other aspect of the upscaling was to improve core-shell methodology to eliminate particle
agglomerations that would not successfully print. Figure 3.12 visually displaces the improvement
in particle dispersity within the past year. Figure 3.12 (a) shows particles very clumped together
where Figure 3.13 (b) shows individual core-shell particles.
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Figure 3.12 SEM images depicting reduction in agglomerations (a) Feb. 2020 (b) Feb.
2021
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Chapter 4: Characterization of Hollow Polysiloxane Microspheres
4.1 DMA
4.1.1 Methodology
DMA or Dynamic Mechanical Analysis is a characterization technique that measures stress as
a function of strain by applying oscillatory strain to the material and measuring the resulting stress.
This testing gives a lot of useful information such as storage modulus, elastic modulus, damping
capability, and glass transition temperature.[31] The methodology focused on keeping the
oscillatory strain constant at a constant frequency of 1 Hz and amplitude at 30 μm in a temperature
range of 40-120°C at a heating rate of heating rate of 3 ° C/min. [3] A rectangular specimen was
casted with a 40 vol% loading of hollow polysiloxane microspheres with various shell thicknesses
were tested using a dual cantilever clamp. It is of note that the glass transition range of both PDMS
and Polysiloxane are -125°C; the temperature range in question was past the glass transition of
both materials.
4.1.2 Results
Figure 4.1.gives the DMA performance of the neat PDMS and 40 vol% 4µm 1:3, 8µm 1:3,
and 8µm 1:2. The storage modulus microsphere composites was lower compared to neat PDMS
as seen Figure 4.1 (a). This was surprising given that filler materials tend to increase the rigidity
elastomers.[1,4,28] This brings in question if there is good interface interaction effectively
transferring the stress from the matrix to the particles. Further DMA testing would be need to be
performed in both tension and compression mode to further study the particle matrix interaction.
When examining the loss or elastic modulus (Figure 4.1(b)) there is an enhancement seen in the
8µm 1:3 sample. This indicates that the damping performance in energy dissipation of composite
was improved by the introduction of hollow microspheres. Damping is defined as the restraining
of vibratory motion in this particular test it would be mechanical oscillations.[31] A damper
converts mechanical energy into thermal energy reduce the vibration response acting as a shock
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absorber. The damping capabilities is shown in Figure 4.1 (c). There is an increase in damping
with the 8µm 1:3 samples which had the thickest shell at 390 nm. Beyond 70°C both 8µm 1:3 and
4µm 1:3 samples showed increased damping capabilities compared to neat PDMS. This data is
proof that the addition of closed cell cavities in the form of hollow microspheres increases the
damping potential of PDMS.

Figure 4.1 DMA from 40- 120 °C with a heating rate of 3 ° C/min at a constant frequency of 1
Hz (a) storage modulus (b) loss modulus (c) damping
4.2 Compression Testing
4.2.1 Methodology
ASTM D695 was followed since there is no standard for the compression testing of filled
elastomeric materials. 30 vol% loaded PDMS samples were printed using a Hyrel SR with a 1mm
nozzle at a print speed of 10 mm/s in a 0°-90° direction. Neat PDMS was test along with two
different size particles were used in the compression sample with the sample core to shell ratio:
4µm 1:3 and 8µm 1:3. The dimensions of each sample were 1 inch by 1 inch by ½ inch per the
ASTM standard. The samples were tested with a 500N load cell at a compression rate of 1.3
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mm/min. Samples were tested one day then let rest over night to be tested the following day. The
consecutive testing assisted in the characterization of the microsphere’s recoverability and the
effect on the overall composite’s mechanical behavior. Stress strain curves were generated in
addition to the calculation of the young’s modulus. SEM imaging was done on the cross sections
of each sample to observe the morphology of the microspheres in printed samples and compressed
samples. Images of neat PDMS were taken as a control.
4.2.2 Results
The stress strain curve in Figure 4.2 (a) show an increase in maximum stress on day 2
consistently among all samples. This behavior is shown in the neat PDMS sample as well
indicating that this is characteristic of the matrix and has no reflection on the behavior of the
microspheres. Neat PDMS achieved a higher compressive stress on both days opposed to the filled
composites as shown in Figure 4.2 (b). The larger microspheres were able to reach a higher
compressive stress. Elastic or Young’s modulus was calculated and shown in Figure 4.2(c). The
elastic modulus quantifies a material’s resistance to elastic deformation. The 8 µm 1:3 samples
had a higher modulus when compared to neat PDMS. This indicates the addition of microspheres
made the matrix more rigid.
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Figure 4.2 Compression of hollow polysiloxane microspheres in PDMS (a) stress-strain
curve (b) maximum compressive stress (c) elastic modulus

Although both materials are siloxanes, they still maintain different mechanical properties. The data
shown indicates the microspheres are more rigid than PDMS thus enhancing rigidity when used
as a filler material. The rigidity of the microspheres can be attributed to the heavily crosslinked
chains of the polysiloxane latex acting as the shell. The more crosslinked a polymer is the less
allowance the polymer chains have to rotate resulting in a more rigid behavior.[14,27] More work
would need to be done on characterizing thinner shells to achieve higher compressive stresses.
SEMs were taken of tested and printed cross sections to compare morphology before and after
compression depicted in Figure 4.3.
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Figure 4.3 SEM images of compression samples (a) 4 µm printed (b) 4 µm compressed day 2
(c) 8 µm printed (d) 8 µm printed (e) 8 µm compressed day 2 (f) PDMS printed (g) PDMS
compressed day 2

The microspheres have consistent spherical shape in both printed and compressed samples. The
conclusion from both mechanical testing and visual examination is the microspheres had good
recoverability and provided structural support to the PDMS matrix. Further optimization of the
microsphere thickness would need to be performed to enhance the microsphere’s ability to
compress. The ideal thickness would be where the addition of the microspheres enhanced the
compressibility of PDMS.
4.3 Impact Testing
4.3.1 Methodology
Further characterization of the microspheres under mechanical forces were done by
performing SEM imaging on the surface of an impact tested specimen. A qualitative impact
test was executed due to the equipment/material incompatibility. The PDMS and PDMS with
40 vol% 4 µm microspheres samples were made by preparing 20g of PDMS with a 1:10 ratio,
loaded the PDMS into a 3.5-inch diameter cylindrical mold, and centrifuged at 1400 rpm for
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20 minutes. The molded samples were then cured in an oven for 1 hour at 80°C. Any excess
material was cut off to insure both samples were 8.11 mm thick. A cylindrical tungsten carbide
rod weighing 0.179 kg was dropped inside a 1.937 m tube where the samples were placed at
the bottom of the tube. The relative potential energy was calculated to be 3.4 Joules applied to
the surface of each sample. The impact surface of each sample was examined using SEM
images to observe if the microspheres maintained their shape under impact.
4.3.2 Results
Despite centrifuging, the samples still had a couple of bubbles present in the surface which
is characteristic of PDMS.[29,30] Figure 4.4 depicts the visual inspection of the impact areas
in question. The sample with microspheres appeared to distribute the impact energy compared
to the neat PDMS where the impact appeared more localized. The sample with the
microspheres had a more distributed impact area due to the energy absorption capability of the
microspheres demonstrated in the DMA testing. The samples were sputter coated with gold in
order to better observe the impact area due to the opaque coloring of PDMS.

Figure 4.4 Image of impact sample (a) neat PDMS (b) PDMS with microspheres

The impact areas were cut to have 2 mm thickness and observed under SEM shown in
Figure 4.5 The samples with microspheres both before (a) and after (b) impact appear to have a
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spherical morphology. This is the first-time microsphere inclusions in PDMS have been reported
to maintain retained their shape as opposed to displaying softening behavior. [3] Thus, indicating
the impact force did not deform or break the microspheres. The neat PDMS sample (c) that was
tested appears to have larger tears in the matrix material as opposed the sample with microspheres
(a). The microspheres assisted in maintaining the structural integrity of the composite. Particles
with larger diameters and varying shell thicknesses need to be explored to determine if the
compression set of the microspheres is consistent.

Figure 4.5 SEM images of impact samples (a) impacted surface w/ MS (b) 2 mm under
impact surface with MS (c) impacted surface PDMS (d) 2 mm under impact surface PDMS
4.4 Conclusion
Different particles sizes and shell thicknesses were tested for their damping capabilities. It was
determined that the larger particle size with the thicker shell absorbed more energy than PDMS
alone. Stress-strain curves confirmed that the inclusion of microspheres did not increase
compressibility of the composite however it did increase the modulus of elasticity. The increase in
modulus is attributed to the rigidity of the heavily crosslinked polysiloxane particles reducing
polymer chain mobility and causing the bulk material to become more rigid. Thinner shells need
to be investigated to increase the compressibility of PDMS. SEMs of both compression and impact
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tested specimens showed the microspheres retained their shape after the application of mechanical
force. The shape retention and energy absorption capabilities of these polysiloxane microspheres
are promising for several applications. More work needs to be done to optimize these microspheres
for increasing compressibility of a silicone matrix.
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Chapter 5: Synthesis and Fabrication of Hollow Carbon Microspheres
5.1

Background and Motivation
Syntactic foams are a class of functional materials with tailorable properties interesting

from both a material’ science and manufacturing point of view. Thermoset syntactic foams possess
properties such as low viscosity, low curing shrinkage, chemical resistance, thermal dimensional
stability and a high strength to weight ratio. [32] Epoxy syntactic foams have applications for many
industries such as: aerospace, aeronautic, marine, oil and gas, defense, energy, and electronic. [3237] Additive manufacturing in the last 10 years has advanced exponentially due to its freedom of
design and ability to use geometry to enhance material properties traditional manufacturing cannot
achieve. Direct write technology has been utilized to apply directionality and order to fillers within
a polymer matrix.[39-40] Glass microspheres are the most common constituent in syntactic foams
however, glass has poor interfacial compatibility with epoxy. Hollow glass microspheres need to
be functionalized to increase compatibility with the epoxy matrix.[38] An alternative to glass
microspheres are carbon microspheres. [41,42]Graphitized carbon microspheres have better
matrix compatibility with epoxy and open the door for enhanced mechanical, thermal and electrical
properties. [43,44] Further enhancement of thermal and electrical properties can be achieved by
chemically grafting graphene oxide on the surface of carbon microspheres. [46] Synthesizing
carbon microspheres from the polystyrene template discussed in length in chapter one allows for
the unique opportunity to control microsphere size, monodispersity, and shell thickness giving
precise control over foam properties. By utilizing direct write technology, the graphene coated
microspheres can be fabricated in a specific orientation allowing for the graphene to form a
network throughout the printed bead. [43,46] This graphene network with an ordered alignment
within a syntactic foam can further enhance material properties traditional manufacturing can not
achieve.
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5.2

Synthesis of Hollow Carbon Microspheres

5.2.1 Experimental materials
Reagents used synthesis trials included: dextrose (D-Glucose, anhydrous, 99%,
Alfa Aesar), synthesized polystyrene cores (discussed in chapter 1)
5.2.1 Experimental Setup
The polystyrene cores (1.85g) were dispersed in 6 ml of Di H2O was mixed with
0.8g of of D-Glucose. The solution was mixed at ambient temperature with a magnetic stirrer at
100 rpm for 15 minutes followed by sonication for 15 minutes. The mixture was transferred to a
steel autoclave where hydrothermal carbonization was performed in an oven at 180°C for 20 hours.
The material from the autoclave was set out to dry. The core-shell particles were then heat treated
in a tube furnace at 1000°C for 4 hours with a ramp rate 4°C /min under nitrogen. [44] This heat
treatment simultaneously burned out the polystyrene core while charring the carbon. The resulting
hollow carbon microspheres are depicted in Figure 5.1. The microspheres appear to be
agglomerated due to the PS-39 cores being agglomerated to begin with. Future work needs to be
done to increase dispersity in hollow carbon microsphere synthesis. This is the first time reported
that non hydroxy terminated polystyrene templates can be used as a template for hollow carbon
microspheres. [44] The HPC present on the polystyrene forming a hydrogen bond with the dextrose
encourages the bonding of the core and shell materials. [18,19]

Figure 5.1 SEM image of synthesized hollow carbon microspheres
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5.3

Synthesis of Carbon Microspheres with Graphene Network

5.3.1 Experimental Materials
Reagents for synthesis trials included: polyvinylpyrrolidone (PVP, Mw=40,000, SigmaAldrich), ethanol (EtOH, 200 proof, Pharmco), graphene oxide(GO aq. dispersion 5mg/ml,
Goographene), hollow carbon microspheres (HCS, provided by KCNSC, avg. diameter 10-40µm),
bisphenol F( EPON 862, Hexion), bisphenol A( EPON 828, Hexion), and 1-Ethyl-3methylimidazolium dicyanamide (EMIM DCA, Sigma-Aldrich).
5.3.2 Experimental Setup

Graphene oxide was drop casted onto glass petri dishes to form films. 0.15 g of GO and
0.5 g of HCS were added in 100 mL of deionized water and stirred at ambient temperature with a
magnetic stirrer at 100 rpm followed by 30 min of sonication. 25 mL of ethanol was added to
completely disperse the GO films and HCS powders. 0.075 g of PVP was further dissolved in the
suspension with a magnetic stirrer at 25 °C. The addition of the PVP assisted with the grafting of
the GO onto the HCS. Vacuum filtration was used to separate the mixture of HCS and GO. The
mixture was left to dry overnight. The powder was then annealed at 1000°C for 4 hours with a
ramp rate of 5°C /min under nitrogen. [45] Figure 5.2 depicts the graphene adhesion onto the
surface of the carbon microspheres.

Figure 5.2 SEM image of hollow carbon microsphere with graphene
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5.4

Results
The graphene coated hollow carbon microspheres were successfully printed using a Hyrel

SR with a 0.8 mm nozzle at a print speed of 5 mm/s in a 0°-90° direction. The samples were cured
at 100°C for 15 hours in an oven. Figure 5.3 depicts the graphene network throughout the 3D
printed epoxy sample. The image shows a rough dendritic texture to the epoxy opposed to samples
with no graphene present. [40]

Figure 5.3 SEM image of graphene network in epoxy syntactic foam

Coating the microspheres with graphene showed an increase in both thermal and electrical
conductivity as shown in Figures 5.4 and 5.5. The printed samples of the carbon microspheres
tested similarly to the molded samples however, the graphene coated microspheres significantly
outperformed their molded counterparts. Thermal conductivity of the graphene coated
microspheres is consistently higher than carbon microspheres alone when tested in the x direction.
This is due to the print path of the samples to be in the x and y direction. This behavior indicates
there is directionality to the graphene network throughout the samples. [43]
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Figure 5.4 Thermal conductivity of epoxy syntactic foams
The printed samples with the 40 vol% loading did not appear to have a significant increase in
thermal conductivity from the 20 vol%. It is important to note the graphene coated microspheres
in both trials were prepared at different times meaning this trend could be due to inconsistent
methodology that would require further optimization. Another explanation for the behavior could
be between 20-40 vol% the percolation threshold has been met meaning the conductivity will
remain constant at a certain point.

Figure 5.5 Relative dielectric constant of epoxy syntactic foams
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Chapter 6: Summary of Research and Future Work
6.1

Conclusions
A method for producing monodisperse polystyrene templates in the 5-10µm range was

developed and shown to be used in the synthesis of hollow polysiloxane and hollow carbon
microspheres. The core-shell methodology of producing hollow polysiloxane was optimized to
reduce agglomerations and upscaled to increase the yield from 1g to 20g without sacrificing
morphology or dispersity. The calcination process was upscaled from a tube furnace to a box
furnace with an increase of hollow polysiloxane yield from 0.0035g to 6g. 30 vol% of hollow
polysiloxane was successfully printed in a PDMS matrix using direct write technology and
characterized. The combination of different particle diameters and polysiloxane shell thicknesses
displayed different properties. The 8 µm particles with a 490 nm shell exhibited an increase in
damping properties compared to PDMS alone and an increase in elastic modulus. None of the
shell thicknesses studied increased the compressibility of PDMS. The microspheres did exhibit
recoverability and did not misshapen upon impact and compression.
Hollow carbon microspheres were hydrothermally synthesized using the synthesized
polystyrene core being the first reported to do so with polystyrene that is not hydroxy terminated
due to the presence of HPC on the polystyrene cores. Graphene oxide was fabricated onto the
surface of hollow carbon microspheres and printed in an epoxy matrix using direct write
manufacturing. The print path of the part allowed for the graphene network to be aligned and
improve thermal and electrical properties. The inclusion of graphene coated microspheres in
additively increased thermal conductivity in the print direction when compared to molded samples.
There was an 1340% increase in dielectric constant from molded 22 vol% graphene coated
microspheres to 37 vol% carbon microspheres alone. The combination of including electrically
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conductive fillers and additive manufacturing allow for the design and fabrication of functional
syntactic foams.
6.2

Recommendations for Future Work
The overarching goal of these projects and for future work would be to contribute

to material property prediction and design. These functional fillers in conjunction with additive
manufacturing can help achieve and tailor specific material properties to application. Factors such
as shell thickness, vol% loading, orientation of fillers, and matrix-filler interaction all play a
significant role and were explored during this research. Future work should include material’s
informatics to take all the information gained in experimental research, such as this body of work,
and apply data science to design materials for the application instead of choosing a suitable
material for an application.
The continuation of upscaling the core-shell reaction should be incrementally continued
until the goal of a reaction containing 1000g of cores is attained. This process should be done
gradually in order to identify and mediate any changes in particle dispersity or morphology.
Different shell thickness should be achieved to determine what shell thickness is best for different
applications. Determining at what shell thickness and vol% loading do the hollow polysiloxane
microspheres enhance the compressibility is the goal of the collaborative research with KCNSC.
The upscaling of the entire process from start to finish for the end goal of large-scale production
and use as fillers for additive manufacturing. Characterizing the microspheres outside of a matrix
to get a deeper understanding of their properties outside of a matrix.
The next steps for the epoxy syntactic foams would be to see how the synthesized carbon
microspheres coated with graphene behave inside of the graphene matrix. It is of interest to see
how monodisperse vs. polydisperse particles affect the foam’s properties. There is a lot of work
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that can be done to optimize graphene coated microsphere fabrication to better dispersity and
control shell thickness. The inclusion of multiple fillers, in addition to the graphene coated
microspheres, such as carbon fiber would be of interest to optimize the composites’ properties.
The control of material properties through the optimization of print geometry, such as printing
unidirectionally, to provide further orientation of the graphene network within the syntactic foam.

All of these recommendations contribute to material property prediction and design of
syntactic foam. The upscaling and optimization of these functional fillers are the key to being able
to manufacture large additively manufactured parts. The use of additive manufacturing allows for
the optimization of filler orientation for application-based material properties.
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